Abstract. In the present study, a series of seven synthetic cromakalim analogues were prepared and evaluated for cytotoxic effect on human cervical carcinoma HeLa cells using WST-8 assay. A preliminary screening of these cromakalim analogues showed that 1-[(3S,4R)-4-(2-ethoxy-4-methyl-1H-pyrrol-1-yl)-3-hydroxy-2,2-dimethylchroman-6-yl-3-phenylurea (compound 6) had the highest cytotoxic effect (IC 50 of 138 µM) and significantly inhibited HeLa cell proliferation after 36 h. In an effort to understand the cytotoxic mechanism of compound 6, we examined its effect on apoptosis and cell cycle distribution. Our results showed that compound 6 induced marked changes in apoptotic morphology and significantly increased early apoptosis of HeLa cells after 48 h by using Annexin V-FITC/PI dual staining assay. This apoptotic induction was associated with an increase in Bax expression, a decrease in Bcl-2 expression, release of cytochrome c and subsequent activation of caspase-9 and -3, which indicated that compound 6 induced apoptosis via caspaseand mitochondria-dependent pathway. By DNA content analysis and [ 3 H]thymidine incorporation assay, compound 6 was found to induce an increase in the number of cells in G1 phase, accompanied by a decrease in the S phase to prevent DNA synthesis after 24 h of treatment. In addition, compound 6 caused significant DNA damage, as detected by the alkaline comet assay. Taken together, the data demonstrate that compound 6 induces apoptosis in HeLa cells through caspase-and mitochondriadependent pathway and this apoptotic effect is associated with cell cycle arrest and DNA damage. These findings provide further understanding of the molecular mechanisms of compound 6 in cervical cancer.
Introduction
Cromakalim, a potassium channel opener, presents antitumor potential against human neuroblastoma and human astrocytoma cell lines. The suggested mechanism of this antitumor effect is the activation of ATP-sensitive potassium channels leading to the inhibition of the intracellular Ca 2+ signaling mechanism (1). Although a series of 4,6-disubstituted 2,2-dimethylchromans structurally related to cromakalim have been synthesized and reported to possess several pharmacological effects including potassium channel activating, antihypertensive and anti-ischemic properties (2) (3) (4) (5) , no attempt has been made to evaluate the cytotoxicity of cromakalim analogues, and the exact pathways involved in their cytotoxic effect are not completely elucidated in the case of human cervical carcinoma HeLa cells.
Many reports demonstrated that DNA damage was induced in cancer cells by exposure to chemotherapy drugs (6, 7) , and that DNA-strand breakage may be one reason for DNA lesions, which can be sensitively detected by the single-cell gel electrophoresis (comet) assay in anticancer studies (8) . Detection of genomic lesions activates the DNA damage response, which determines cell fate according to the extent of damage. If the damage is manageable, the DNA damage response arrests the cell cycle progression and induces DNA repair to prevent replication of damaged DNA. If the damage is beyond repair, cells undergo apoptosis (9) .
Apoptosis has been characterized as a fundamental cellular activity which maintains the physiological balance of the organism. It is involved in immune defense mechanisms that play a necessary role in protecting against carcinogenesis by eliminating damaged or abnormal excess cells which have proliferated owing to the induction of various chemical agents (10, 11) . Morphologically, apoptosis is characterized by shrinkage of the cell, dramatic reorganization of the nucleus, active membrane blebbing and, ultimately, fragmentation of the cell into membrane-enclosed vesicles (apoptotic bodies) (12) . In the early stage of apoptosis, the membrane phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet. Annexin V has a high affinity for PS, which identifies apoptosis at this earlier stage.
A novel cromakalim analogue induces cell cycle arrest and apoptosis in human cervical carcinoma HeLa cells through the caspase-and mitochondria-dependent pathway A significant body of literature has accumulated demonstrating the importance of mitochondria as critical regulators of the intrinsic apoptotic pathway in response to DNA damage. Upon apoptotic stimulation, several important events occur at the mitochondria, including the release of cytochrome c from the mitochondria into the cytoplasm (13, 14) . Cytochrome c binds to the apoptotic protease activating factor 1 (Apaf-1), which then recruits procaspase-9 to form an apoptosome. This complex activates caspase-9 which in turn cleaves and activates effector procaspases to active effector caspases, such as caspase-3. These effector caspases cleave a number of substrates resulting in morphological and biochemical changes of apoptosis (15, 16) . The activation of mitochondria and release of intermembrane contents of mitochondria are under regulatory control of a number of Bcl-2 family proteins (17) (18) (19) . Some of these members, including Bcl-2, prevent the release of cytochrome c and therefore serve as anti-apoptotic proteins, whereas others, such as Bax, promote the release of cytochrome c and serve as pro-apoptotic molecules.
In this study, we examined the cytotoxicity of seven cromakalim analogues ( Fig. 1 ) against HeLa cells. In addition, the apoptosis-inducing effect of 1-[(3S,4R)-4-(2-ethoxy-4-methyl-1H-pyrrol-1-yl)-3-hydroxy-2,2-dimethylchroman-6-yl]-3-pheny lurea (compound 6) and its underlying mechanism were investigated. Cell viability and proliferation assay. The effect of cromakalim analogues on cell viability was investigated on HeLa cells according to the method of Tominaga et al (20) . Cells were plated at 5x10 3 cells into each well of a 96-well microplate. After 24 h, media were substituted by fresh media containing cromakalim analogues at various concentrations (75, 150 and 300 µM). The plate was incubated further for 48 h. CCK-8 reagent (10 µl) was then added to each well followed by 2 h incubation. The cell viability was assessed by 
Materials and methods

Chemicals
WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4- disulfophenyl)- 2 H-tetrazolium],
Protein extraction and Western blot analysis.
After cells were treated with or without compound 6, total cell lysates and cytosolic fractions were prepared as previously described (21) . Protein contents of the lysates were determined by the Bradford protein assay (Bio-Rad, Hercules, CA, USA). Proteins (25 µg) were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes (Schleicher & Schuell, USA) by Western blotting (22) . The results were quantified using Image J 1.43 (C) (National Institutes of Health, Bethesda, MD, USA). The following primary polyclonal antibodies were used: Bcl-2, caspase-9, β-actin (1:1000; Cell Signaling Technology, Danvers, USA), cytochrome c, caspase-3 (1:200; Santa Cruz Biotechnology, Santa Cruz, USA) and Bax (1:1000; BD PharMingen, San Diego, CA).
DNA content analysis. The cells (3x10
5 cells in 60 mm dish) treated with or without compound 6 were collected by trypsinization and washed with ice-cold PBS via centrifugation. The cells were suspended in PBS and fixed with 70% ethanol (v/v). Samples were then washed with ice-cold PBS and stained with PI/RNase staining buffer for 15 min at room temperature. The cells in different phases of the cell cycle were analyzed using a FACScan flow cytometer analysis system, and 20,000 events were analyzed for each sample. The percentage of cells in the different phases of cell cycle was determined using Modfit software (Becton-Dickinson Instruments). Single-cell gel electrophoresis. To examine the DNA damage in the single-cell suspensions, we performed an alkaline single-cell gel electrophoresis (comet assay). The comet assay was carried out as previously described (24) . The data were analyzed using the Comet 5.5 software. Olive tail moment (OTM) approved by Olive was used to evaluate DNA damage. OTM, expressed in arbitrary units, is calculated by multiplying the percent of DNA (fluorescence) in the tail by the length of the tail in µm (25, 26) . The tail length is measured between the edge of the Comet head and the end of its tail. A major advantage of using the OTM as an index of DNA damage is that the amount of damaged DNA and the distance of migration of the genetic material in the tail are represented by a single number (27) .
Statistical analysis. Data were collected and expressed as the mean ± standard deviation (SD) of three independent experiments. Statistical analysis was performed by one-way analysis of variance (ANOVA), and differences from the respective controls for each experimental test condition were determined using t-tests. The criterion for significance was set at P<0.05. The 19th version of SPSS (SPSS, Chicago, IL, USA) and Microsoft Excel 2007 (Roselle, IL, USA) were used for the statistical and graphical evaluations.
Results
Cytotoxic effect of cromakalim analogues. Initially, the cytotoxicity of different concentrations of the cromakalim analogues against HeLa cells was determined by WST-8 assay. After incubation of HeLa cells with increasing concentrations (75, 150 and 300 µM) of the cromakalim analogues for 48 h, only compounds 4, 6 and 7 showed significant cytotoxicity in a concentration-dependent manner, when compared with the control (Fig. 2) . IC 50 (the median inhibitory concentration) values were 224, 138 and 174 µM, respectively (Table I) . No expressive effect was observed for any of the other cromakalim analogues. Compound 6 was chosen for further study because it caused the most significant cell death at concentrations tested.
For treatment of HeLa cells with 150 µM of compound 6 for 0, 12, 24, 36, 48 and 60 h, the proliferation of compound 6-treated cells gradually increased to 36 h and began to decrease at 48 h, whereas the untreated cells maintained an exponential proliferation state (Fig. 3) . A significant difference in the absorbance from the control was observed at 36 h, showing that compound 6 inhibited HeLa cell proliferation after 36 h incubation.
Compound 6 induces apoptosis in HeLa cells.
To evaluate whether compound 6 induces cell death via apoptosis or necrosis pathway, both morphology observation and Annexin V-FITC/PI double staining assay were performed to assess compound 6-induced apoptosis in HeLa cells. Changes in the cells treated with an IC 50 concentration of compound 6 using light microscopy revealed morphological features of apoptosis. As shown in Fig. 4A and C, non-treated cells spread regularly in the culture plates and grew to near confluence. After a 24 h treatment with compound 6, some HeLa cells floated, but the majority of the attached cells kept a normal cellular shape (Fig. 4B) . After 48 h, however, a significant proportion of the HeLa cells dislodged from their plates and most of the remaining attached cells showed typical morphological changes corresponding to apoptosis, which was characterized by cellular shrinkage and disruption (Fig. 4D) .
To obtain further evidence for the induction of apoptosis by compound 6, HeLa cells were treated with or without 150 µM of compound 6 for 24 and 48 h and then marked with Annexin V-FITC and PI, followed by analysis using flow cytometry. This double-staining method allows live non- (28) (29) . As illustrated in Fig. 5A, 96 .81% of vehicle alone-treated HeLa cells were viable for 24 h, and 0.52% were early apoptotic cells. There was no major change under compound 6-treatment in cell distribution compared with control cells at 24 h (Fig. 5B) . However, a 48 h treatment with compound 6 significantly increased the percentage of early apoptotic cells from 1.9 to 16.5% (Fig. 5C and D) . In addition, the percentage of late apoptotic cells (or necrotic cells) was also increased by treatment of compound 6. By using both the apoptosis detection methods, we determined that compound 6 treatment significantly enhanced apoptosis over control values after 48 h.
Compound 6 regulates Bax and Bcl-2, induces cytochrome c release and causes activation of caspases.
The Bcl-2 family proteins Bax and Bcl-2 molecules play important roles in initiating mitochondrial death cascade (19) . To investigate the underlying mechanism of apoptosis induced by compound 6, the expressions of Bax and Bcl-2 were measured by Western blot analysis. The expression level of the pro-apoptotic protein Bax was significantly upregulated in a dose-dependent manner, whereas the expression level of the anti-apoptotic protein Bcl-2 was slightly downregulated (Fig. 6A and B) . Correspondingly, a dramatic increase in the Bax/Bcl-2 ratio was shown in Fig. 6C . Following the changes of Bcl-2 family members, cytochrome c is released from the mitochondria into the cytoplasm, which in turn activates a downstream caspase program (15) . As shown in Fig. 6A and B, the protein expression of cytosolic cytochrome c significantly increased in a dose-dependent manner, which indicated that the mitochondrial dysfunction was involved in the apoptosis induced by compound 6 in HeLa cells. Furthermore, decreases in both procaspase-9 and -3 expression levels were observed, demonstrating the activation of caspase cascade. These results suggest that compound 6 induced apoptosis in HeLa cells via caspase-and mitochondria-dependent pathway.
Compound 6 causes G1 cell cycle arrest, associated with inhibition of DNA synthesis. The cell growth and inhibition are both tightly mediated through cell cycle control (30) , and the dysregulation of cell cycle progression has been implicated in the initiation of apoptosis (31, 32) . In order to examine further the actions of compound 6 on cell cycle, the cell cycle distribution of HeLa cells treated by compound 6 (150 µM) was studied by DNA content analysis. As illustrated in Fig.  7A and B, after a 24 h treatment, compound 6 induced a significant accumulation of cells in the G1 phase in HeLa cells (68-78%). Concomitantly, there was a significant decrease of cells in the S phase from a control value of 15-23%, while no effect on the cell number in the G2/M phase. The level of G1 arrest induced by compound 6 in HeLa cells did not show a time-dependent manner until 48 h (Fig. 7) . Moreover, Fig. 8 showed a significant reduction of the [ 3 H]dTTP incorporation in HeLa cells during S-phase of cell cycle. From proliferation assay, it was found that there was no significant difference in cell numbers between control and compound 6-treated HeLa cells at 24 h (Fig. 3) , suggesting that there was an inhibitory effect of compound 6 on the process of DNA synthesis. However, the cell number of 48 h was slightly higher than that of 24 h, resulting in a moderate increase in the [ 3 H]dTTP incorporation at 48 h compared with 24 h. The data reveal that the actions of compound 6 blocked HeLa cells in the transition from the G1 to the S phase of cell cycle, suggesting that the observed apoptosis induced by compound 6 might be due to an arrest of DNA synthesis, thereby, inhibiting further progress in the cell cycle.
Compound 6 induces DNA damage. To directly determine if compound 6 induces DNA damage, we performed an alkaline comet assay, a sensitive method that detects DNA single-and double-strand breaks, alkali-labile sites, and incomplete excision repair sites at the single-cell level based on the increased tail of DNA migration (33) . Fig. 9A shows the DNA migration patterns in HeLa cells. When cells were treated with compound 6 for 24 h, DNA damage, as indicated by the increased olive tail moment (OTM) (Fig. 9B ), started to be evident corresponding to the increased tails of DNA migration (Fig. 9A) . After a 48 h treatment, almost the entire population of HeLa cells contained damaged DNA.
Discussion
In this study, the cytotoxic activity of seven cromakalim analogues against HeLa cells was evaluated. Compounds 4, 6 and 7 showed significant cytotoxicity against HeLa cells compared with the control, while no expressive effect was observed for any of the other cromakalim analogues. According to the chemical structure of these compounds, the nature of the substituent in the 6 position appeared to be important for the cytotoxic effect on HeLa cells. Indeed, compounds that had a phenyl group in this position demonstrated a cytotoxic effect on HeLa cells. Moreover, the presence in the 6 position of phenylurea further enhanced their cytotoxicity (compound 6 and 7). The IC 50 value of compound 7 was closer to its enantiomer, compound 6 ( Table I ), indicating that the stereochemical structure is not crucial to the cytotoxic effect on HeLa cells. Among the tested cromakalim analogues, compound 6 exhibited the highest cytotoxicity on HeLa cells (IC 50 of 138 µM) and inhibited the cell proliferation significantly after 36 h incubation.
To obtain a better insight into the mechanism of cytotoxicity induced by compound 6, its effect on apoptosis was evaluated. Marked morphological changes indicative of cell apoptosis were clearly observed, and the result of the Annexin V-FITC/PI double staining assay indicated that compound 6 induced early apoptosis in HeLa cells at 48 h. Based on these findings, Western blot analysis was performed to further investigate the potential apoptotic pathway in HeLa cells treated by compound 6. The Bcl-2 family proteins Bax and Bcl-2 play important roles in initiating the mitochondriamediated apoptotic pathway (19) . Pro-apoptotic protein Bax translocates to the mitochondria and integrates into the outer mitochondrial membrane, where it promotes the release of cytochrome c into the cytosol. In contrast, anti-apoptotic protein Bcl-2 prevents this process by preserving mitochondrial integrity. Thus, the ratio of Bax to Bcl-2 is crucial to the sustenance of drug-induced apoptosis in the mitochondriamediated apoptotic pathway (34) . The present study showed that compound 6 upregulated the expression level of Bax and downregulated the expression level of Bcl-2, eventually leading to an increase in the ratio of Bax/Bcl-2 protein levels. The release of mitochondrial cytochrome c facilitates the formation of apoptosome complex consisting of Apaf-1 and caspase-9, which subsequently activates effector caspases such as caspase-3 and leads to apoptosis (15) . In the present study, the release of cytochrome c and the activation of caspase-9 and -3 were detected. These results suggest that compound 6-induced apoptosis is via a caspase-and mitochondriadependent pathway.
Since the activation and execution of apoptosis are regulated by complex molecular mechanisms, numerous points of interaction between the regulatory pathway of the cell cycle and apoptosis exist (35) . Our data clearly showed that the significant increase of G1 phase cells was accompanied by a decrease of S-phase cells. Thus, the blockage effect of compound 6 occurred at the G1/S transitions, and this effect is associated with the inhibition of DNA synthesis. Moreover, results from the comet assay showed that ~70% of the cell population contained DNA-strand breaks after only 24 h of incubation with compound 6. Collin et al and Speit et al comment that the single-strand breaks observed in the alkaline version are not the most noteworthy of DNA lesions because they may be rapidly repaired and not regarded as a significantly lethal or mutagenic lesion (36, 37) . However, through the process of apoptosis any cell which is severely damaged beyond the capacity of the DNA repair system is to be eliminated. It is of note to find that compound 6 induced significant DNA damage and cell cycle arrest after only 24 h treatment, when the apoptosis was barely detectable. What is more, after a 48-h treatment, almost the entire population of HeLa cells contained damaged DNA, while the early apoptotic cells increased by only 15% compared with the control. Therefore, we conclude that compound 6 induces DNA-strand break and cell cycle arrest before early apoptosis has occurred. It is thus suggested that compound 6 causes DNA damage leading to G1 cell cycle arrest for prevention of DNA synthesis to buy time for DNA repair; however, since the DNA damage caused by compound 6 is too severe to be repaired, HeLa cells undergo apoptosis via caspase-and mitochondria-dependent pathway.
In conclusion, our study provides experimental evidence that compound 6 induces HeLa cell apoptosis via the mitochondria-mediated and caspase-dependent pathway. Compound 6 also induces DNA damage and G1 cell cycle arrest to inhibit DNA replication. Collectively, these findings provide important clues for further evaluating the potential potency of cromakalim analogues for use in cancer therapy.
